Uniform epitaxial CoSi 2 layers have been grown in situ on a ͑100͒ Si substrate at temperatures above 600°C by reactive chemical-vapor deposition of cyclopentadienyl dicarbonyl cobalt, Co͑ 5 -C 5 H 5 ͒͑CO͒ 2 . Co-rich phases such as Co 2 Si and CoSi were suppressed during cobalt metallorganic chemical-vapor deposition at substrate temperatures above 500°C. A thin carbon layer was found on the top of the epitaxial CoSi 2 layer grown on the Si substrate due to incomplete decomposition of the cobalt metallorganic source and diffusion of Co into the Si substrate. In spite of the existence of a surface carbon layer, an ion channeling minimum yield, min , of 8% in Rutherford backscattering/channeling spectrometry has been achieved in the epitaxial layer, indicating a nearly perfect epitaxial order. The carbon pileup on the surface of the CoSi 2 layer at the initial stage of Co deposition seems to play the role of a cobalt diffusion barrier, avoiding the formation of Co-rich phases.
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Epitaxially grown cobalt disilicide (CoSi 2 ) has emerged as a leading material of contact metallization for deep submicron devices due to its low resistivity, smooth interface, good thermal stability, and shallow junction formation using the silicide-as-doping source ͑SADS͒ process. 1 Since CoSi 2 and Si have similar crystal structures and closely matched lattices, it is possible to achieve epitaxial growth of CoSi 2 on both Si ͑100͒ and Si ͑111͒ substrates. However, epitaxial growth of ͑100͒-oriented CoSi 2 on Si ͑100͒ is difficult due to the competition between different epitaxial orientations with similar matching. Recently, the formation of epitaxial CoSi 2 on ͑100͒ Si has been observed in molecular beam allotaxy ͑MBA͒, 2 titanium-interlayer-mediated epitaxy ͑TIME͒, 3, 4 and oxide-mediated epitaxy ͑OME͒ ͑Ref. 5͒ methods. It was proposed that an epitaxial CoSi 2 layer can be formed by controlling the concentration of Co into the ͑100͒ Si substrate without phase transformation such as Co 2 Si and CoSi using a diffusion barrier in the interlayer-mediated epitaxy. 6 If the supply of Co atoms to the silicide/Si interface is slow enough and the temperature is high enough, the disilicide is likely to be epitaxial because the Co consumption rate is larger than the supply rate. 6 Therefore, it may be possible to grow epitaxial CoSi 2 on Si ͑100͒ without the use of a diffusion barrier if the Co supply is kept low enough to avoid nucleation of polycrystalline Co-rich silicides. Indeed, it has been reported that CoSi 2 can be epitaxially grown on ͑100͒ Si at 600°C by reactive-deposition epitaxy ͑RDE͒ using the evaporation of cobalt. 7, 8 The RDE process consists of the deposition of Co on the surface of a hot Si substrate and the immediate reaction between Co and the Si substrate. However, the Co flux must be held below 1 nm/min to achieve RDE. Deposition rates above this critical value and lower temperatures lead to the production of polycrystalline CoSi 2 . This technique also requires complicated tools such as molecular beam epitaxy ͑MBE͒ tools not commonly used in silicon processing.
In this letter we present a method, which we call reactive chemical-vapor deposition epitaxy, for the in situ formation of epitaxial CoSi 2 layers on a ͑100͒ Si substrate. Chemicalvapor deposition ͑CVD͒ commonly used in the silicon process offers several advantages, such as a uniform conformal deposition over a large area and no substrate damage. It also can control the deposition rate in a relatively broad range. For this purpose, the Co deposition rate during deposition on a heated Si substrate was controlled by metallorganic chemical-vapor deposition ͑MOCVD͒. Among the cobalt metallorganic sources, cyclopentadienyl dicarbonyl cobalt, Co͑ 5 -C 5 H 5 ͒͑CO͒ 2 , was selected due to its deposition ability at temperatures above 600°C.
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P-type ͑100͒ Si substrates with a resistivity of 5-8 ⍀ cm were cleaned in a H 2 SO 4 /H 2 O 2 solution, rinsed in deionized water, dipped in HF͑1%͒, rinsed again in deionized water, and then loaded into a MOCVD reactor. The temperature of the bubbler was held at 0°C to reduce the vapor pressure, allowing the supply of Co into the substrate to be held to a level to form the epitaxial CoSi 2 layer. The equilibrium vapor pressure calculated from the references is 60-70 mTorr at 0°C. The Co film was deposited from Co͑ 5 -C 5 H 5 ͒͑CO͒ 2 at 110 mTorr with 10 sccm H 2 carrier gas at the substrate temperature range from 500 to 650°C. The crystal structure and microstructure of the film were investigated using x-ray diffraction ͑XRD͒ and transmission electron microscopy ͑TEM͒, respectively. The composition of the film was analyzed by Auger electron spectroscopy ͑AES͒. The quality of the epitaxial CoSi 2 layer was characterized by Rutherford backscattering spectrometry ͑RBS͒. Figure 1 shows the XRD patterns of the samples as deposited at 550, 600, and 650°C for 10 min from the Co͑ The AES depth profiles of the samples as deposited by CVD at 650°C for ͑a͒ 2.5 min and ͑b͒ 15 min are shown in Fig. 2 . The AES depth profile in Fig. 2͑a͒ indicates that Co diffuses into the Si substrate with a Co concentration below the level of CoSi 2 and the carbon piles up at the surface in the initial stage of the reaction. The carbon pileup at the surface is attributed to the incomplete decomposition of Co͑ 5 -C 5 H 5 ͒͑CO͒ 2 with the unstable cyclopentadienyl radical and the diffusion of Co into the Si substrate.
10,14 Figure  2͑b͒ shows that three distinct layers were formed on the Si substrate after a sufficient deposition time. The top layer is a carbon layer consisting of C, Co, and Si. The second layer is the CoSi 2 layer on the ͑100͒ Si substrate, apparently satisfying the stoichiometry of CoSi 2 with the flat concentration profile in the CoSi 2 layer. Figure 3 shows the cross-sectional TEM micrograph ͑a͒ of the as-deposited sample at 650°C for 15 min and the diffraction pattern ͑b͒ at the CoSi 2 /Si interface along the ͗011͘ zone axis. In Fig. 3͑a͒ , a surface carbon layer and a dark CoSi 2 layer are seen on the Si substrate. The surface carbon layer, marked with an arrow in Fig. 3͑a͒ , has a 1-2 nm thickness. The carbon layer is a multicomponent layer consisting of C and small amounts of Co and Si, as shown in Fig. 2͑b͒ . The layer is too thin to determine its crystallinity. The dark CoSi 2 layer is uniform with a thickness of about 40 nm and few structural defects can be seen in the CoSi 2 layer. It is also found that small facets are locally formed at the CoSi 2 /Si interface. These small facets, which are smaller than those often observed in the other CoSi 2 epitaxy, possess nm-sized ͕111͖ interfaces with Si and cause interface roughness due to the low formation temperature of 650°C. Further annealing lowers the roughness at the interface of CoSi 2 /Si. 4 Since both Si and CoSi 2 are in ͓011͔ orientations, the diffracted patterns between Si and CoSi 2 are indistinguishable. In Fig. 3͑b͒ , the selected-area diffracted pattern ͑SADP͒ at the CoSi 2 /Si interface shows that the diffracted spots from CoSi 2 and Si almost coincide with each other, indicating that an epitaxial ͑100͒ CoSi 2 layer was grown on the ͑100͒ Si substrate. The orientation relationship at the ͑100͒ interface was found to be ͑100͒ Siʈ͑100͒ CoSi 2 and ͗110͘ Siʈ͗110͘ CoSi 2 . Figure 4 shows the channeling ͑a͒ and random ͑b͒ RBS spectra from the epitaxial CoSi 2 layer grown at mum yield of 8% was found in this silicide layer, indicating nearly a perfect epitaxial order. In spite of the surface carbon layer, this low value of the minimum yield ͑8%͒ implies that the quality of the epitaxial CoSi 2 layer by reactive chemicalvapor deposition is excellent, compared to that of the RDE method (ϳ14.8%).
A high-resolution TEM micrograph along the ͗011͘ zone axis was taken to investigate the coherency of the CoSi 2 and Si layers, shown in Fig. 5 . A complete registry of the lattice can be seen across the interface, indicating that the CoSi 2 layer is fully coherent with the Si substrate. Therefore, it can be said that a CoSi 2 layer is epitaxially grown on the ͑100͒ Si substrate by reactive chemical-vapor deposition using a metallorganic source.
The deposition rate of the as-deposited film on the SiO 2 substrate at 650°C was about 10 nm/min. SiO 2 substrates were used to determine the deposition rate because no reaction occurs between Co and SiO 2 . Co͑ Although the deposition rate of the Co-C film in this reactive chemical-vapor deposition was more than ten times as large as that in the conventional RDE, the epitaxial CoSi 2 could be successfully grown on the Si substrate.
In RDE, an epitaxial layer is grown on Si in situ by the reaction between pure Co and the Si substrate. However, the growth mechanism of the epitaxial CoSi 2 layer in the reactive chemical-vapor deposition is different from that in RDE. Co͑ 5 -C 5 H 5 ͒͑CO͒ 2 is incompletely decomposed on the Si substrate at low H 2 pressure. In the initial stage of reaction, Co in the adsorbed precursor diffuses into the Si substrate and C remains on the top of the surface, as seen in Figs. 2͑a͒ and 2͑b͒. Also note that the concentration of diffused Co in Si is lower than the Co concentration in CoSi 2 at the initial stage of deposition, seen in Fig. 2͑a͒ . It means that the formation of Co-rich phases such as Co 2 Si and CoSi can be avoided. It has also been reported that carbon can restrain the Co diffusion into the Si substrate. 14, 15 As the carbon layer grows thicker, suppression of the Co supply into Si can be enhanced to form an epitaxial CoSi 2 layer on Si, resulting in a high-quality epitaxial CoSi 2 layer. Therefore, the carbon layer can play the role of a diffusion barrier as in TIME and OME, which retard the Co-Si reaction until the temperature exceeds 550°C. The growth rate and the precise growth behavior deserve further investigation.
In conclusion, a uniform epitaxial CoSi 2 layer with good quality was grown on a ͑100͒ Si substrate by reactive chemical-vapor deposition using a cobalt metallorganic source in a simple CVD reactor without a multistep process. This in situ growth of a ͑100͒ CoSi 2 epitaxial layer can simplify the self-aligned silicide process ͑SALICIDE͒ for Siintegrated circuits.
